Among some 400 million K S K L pairs produced in e + e − annihilations at DAΦNE, ∼ 6500 each of K S →π + e −ν and K S →π − e + ν decays have been observed with the KLOE detector. From these, BR(K S → πeν) = (7.046 ± 0.091) × 10 −4 is obtained, improving the accuracy on the BR by a factor of four and providing the most precise test of the ∆S = ∆Q rule. From the partial width Γ(K S → πeν), f K 0 + × V us = 0.2162 ± 0.0014 is obtained, in good agreement with unitarity of the quark-mixing matrix. The lepton charge asymmetry is A S = (1.5±10)×10 −3 , which is compatible with the corresponding asymmetry from semileptonic K L decays as expected from CP T invariance. The form-factor slope in the linear approximation is found to agree with recent measurements from semileptonic K L and K + decays. These are the first measurements of the charge asymmetry and form-factor slope for semileptonic K S decays.
Introduction
Semileptonic kaon decays provide at present the best way to learn about s, u quark couplings and allow tests of many fundamental aspects of the Standard Model (SM). Only the vector part of the weak current has a non-vanishing matrix element between a kaon and a pion. The vector current is "almost" conserved. For a vector interaction, there are no SU(3)-breaking corrections to first order in the s-d mass difference [1] , making calculations of hadronic matrix elements more reliable. Therefore, the CKM matrix element V us can be accurately extracted from the measurement of the semileptonic decay widths and the most precise test of unitarity of the CKM matrix can be performed from the first-row constraint: 1 − ∆ ≃ |V ud | 2 +|V us | 2 . Using V ud from nuclear beta decays, a test of the expectation ∆ = 0 with a precision of one part per mil can be performed.
In addition, at a φ factory very large samples of tagged, monochromatic K S mesons are available. We have been able to obtain a very pure sample of ∼13 000 K S semileptonic decay events and thus to accurately measure for the first time the partial decay rates for transitions to each charged final state, BR(K S → e + π − ν) and BR(K S → e − π +ν ), as well as the charge asymmetry A S :
Γ (K S → π − e + ν) + Γ (K S → π + e −ν ) .
The comparison of A S with the corresponding asymmetry A L for K L decays allows precision tests of the CP and CP T symmetries, while the comparison of the K S and K L transition widths Γ(K S → πeν) and Γ(K L → πeν) allows a test of the validity of the ∆S = ∆Q rule.
If CP T symmetry is assumed, both K S and K L charge asymmetries are expected to be equal to 2 Re ǫ ≃ 3 × 10 −3 , where ǫ gives the CP impurity of the mass eigenstates K S and K L due to the difference of the ∆S = 2 amplitudes A(K 0 → K 0 ) and A(K 0 → K 0 ). The difference between the charge asymmetries, A S − A L = 4 (Re δ + Re x − ) ,
signals CP T violation either in the mass matrix (δ term), or in the decay amplitudes with ∆S = ∆Q (x − term). The sum of the asymmetries,
is related to CP violation in the mass matrix (ǫ term) and to CP T violation in the decay amplitude (y term). Finally, the knowledge of both the K L and the K S semileptonic decay branching ratios and lifetimes allows the validity of the ∆S = ∆Q rule to be tested through the quantity
Writing the K 0 and K 0 decay amplitudes for each charged final state as
, the above parameters are defined as follows:
where M ij and Γ ij are the ij-th elements of the mass and decay matrices describing the time evolution of the neutral kaon system, and m S,L and τ S,L are respectively the physical masses and lifetimes for K S,L .
The value of A L is known at present with an accuracy of 10 −4 [2] , while A S has never yet been measured. At present, the most precise test of CP T conservation comes from the CPLEAR experiment [3] : they find values of Re δ and Re x − compatible with zero, with accuracies of 3×10 −4 and 10 −2 , respectively. The present value of Re y, obtained from unitarity [4] , is compatible with zero with an accuracy of 3×10 −3 .
In the SM, Re x + is of the order of G F m 2 π ∼ 10 −7 , being due to second order weak transitions. At present, the most precise test of the ∆S = ∆Q rule comes from an analysis of the time distribution of semileptonic strangeness-tagged kaon decays at CPLEAR [5] . CPLEAR finds Re x + to be compatible with zero to within 6 × 10 −3 .
The most precise previous measurement of BR(K S → πeν) was obtained from KLOE, using data collected in 2000 for an integrated luminosity of ∼ 20 pb −1 , and has a fractional accuracy of 5.4% [6] . The present result is based on the analysis of 410 pb −1 of integrated luminosity acquired during the years 2001 and 2002, and improves on the total error by a factor of four, to 1.3%.
Measurement method
We measure K S branching ratios using kaons from φ → K S K L decays. Data were collected with the KLOE detector at DAΦNE, the Frascati φ-factory. DAΦNE is an e + e − collider which operates at a center of mass energy of ∼1020 MeV, the mass of the φ meson. Equal-energy positron and electron beams collide at an angle of π − 25 mrad, producing φ mesons with a small momentum in the horizontal plane: p(φ) ∼ 13 MeV. φ mesons decay ∼ 34% of the time into neutral kaons. K L 's and K S 's have mean decay paths of λ L ∼ 350 cm and λ S ∼ 0.6 cm, respectively.
The KLOE detector consists of a large cylindrical drift chamber surrounded by a lead scintillating-fiber sampling calorimeter. A superconducting coil outside the calorimeter provides a 0.52 T field. The drift chamber [7] , which is 4 m in diameter and 3.3 m long, has 12 582 all-stereo sense wires and 37 746 aluminum field wires. The chamber shell is made of carbon-fiber epoxy composite and the gas used is a 90-10% helium-isobutane mixture. These features maximize transparency to photons and reduce K L →K S regeneration. The position resolutions are σ xy ∼ 150 µm and σ z ∼ 2 mm. The momentum resolution is σ(p ⊥ )/p ⊥ ≤ 0.4%. Vertices are reconstructed with a spatial resolution of ∼ 3 mm. The calorimeter [8] is divided into a barrel and two endcaps and covers 98% of the solid angle. The energy resolution is σ E /E = 5.7%/ E(GeV) and the timing resolution is σ t = 57 ps/ E(GeV) ⊕ 100 ps [9] . The trigger [10] uses information from both the calorimeter and chamber. For the present analysis, the trigger relies entirely on calorimeter information. Two local energy deposits above threshold (50 MeV on the barrel, 150 MeV on the endcaps) are required. The trigger time has a large spread with respect to the bunch crossing period. However, it is synchronized with the machine RF divided by 4, T sync ∼ 10.8 ns, with an accuracy of 50 ps. As a result, the time T 0 of the bunch crossing producing an event, which is determined after event reconstruction, is known up to an integer multiple of the bunch-crossing time, T bunch ∼ 2.7 ns.
The main advantage of studying kaons at a φ factory is that K L 's and K S 's are produced nearly back-to-back in the laboratory so that detection of a K L meson tags the production of a K S meson and gives its direction and momentum. The contamination from K L K L γ and K S K S γ final states is negligible for our measurement [11, 12] . Since the branching ratio for K S → π + π − is known with an accuracy of ∼ 0.1% [13, 14] , the K S → πeν branching ratio is evaluated by normalizing the number of signal events, separately for each charge state, to the number of K S → π + π − events in the same data set. This allows cancellation of the uncertainties arising from the integrated luminosity, the φ production cross section, and the tagging efficiency. The measurement is based on an integrated luminosity of 410 pb −1 at the φ peak collected during two distinct data-taking periods in the years 2001 and 2002, corresponding to ∼ 1.3 × 10 9 produced φ-mesons. Since the machine conditions were different during the two periods, we have measured the branching ratios separately for each data set. Our final results are based on the averages of these measurements.
Selection criteria
About half of the K L mesons reach the calorimeter, where most interact. Such an interaction is called a K L crash in the following. A K L crash is identified as a local energy deposit with energy above 200 MeV and a time of flight corresponding to a low velocity: β ∼ 0.216. The coordinates of the energy deposit determine the K L 's direction to ∼ 20 mrad, as well as the momentum p L , which is weakly dependent on the K L direction because of the motion of the φ meson. A K L crash thus tags the production of a K S of momentum p S = p φ − p L . K S mesons are tagged with an overall efficiency of ∼ 20%. Both K S → πeν and K S → π + π − decays are selected from this tagged sample. Event selection consists of fiducial cuts, particle identification by time of flight, and kinematic closure.
Identification of a K S → π + π − decay requires two tracks of opposite curvature. The tracks must extrapolate to the interaction point (IP) within a few centimeters. The reconstructed momenta and polar angles must lie in the intervals 120 MeV < p < 300 MeV and 30
at the per-mil level and is estimated from Monte Carlo (MC).
Identification of a K S → πeν event also begins with the requirement of two tracks of opposite curvature. The tracks must extrapolate and form a vertex close to the IP. The invariant mass M ππ of the pair calculated assuming both tracks are pions must be smaller than 490 MeV. This rejects ∼ 95% of the π + π − decays and ∼ 10% of the signal events.
We discriminate between electron and pion tracks by time of flight (TOF). The tracks are therefore required to be associated with calorimeter energy clusters. For each track, we compute the difference δ t (m) = t cl − L/cβ(m) using the cluster time t cl and the track length L. The velocity β is computed from the track momentum for each mass hypothesis, m = m e and m = m π . In order to avoid uncertainties due to the determination of T 0 (the time of the bunch crossing producing the event), we make cuts on the two-track difference
where the mass hypothesis m a(b) is used for track 1(2). This difference is zero for the correct mass assignments. First, K S → π + π − events are rejected by requiring |dδ t,ππ | > 1.7 ns. Then, the differences dδ t,πe and dδ t,eπ are calculated for events surviving the previous cut. The scatter plot of the two variables is shown in Fig. 1 for Monte Carlo events. The cuts applied on these time differences for the selection of K S → πeν events are illustrated in the figure: |dδ t,πe | < 1.4 ns, dδ t,eπ > 3.2 ns; or |dδ t,eπ | < 1.4 ns, dδ t,πe > 3.2 ns. After these TOF requirements, particle types and charges for signal events can be assigned very precisely: the probability of misidentifying a π + e −ν event as a π − e + ν or vice versa is negligible. These cuts reject ∼ 90% of the background events, while the efficiency for the signal is ∼ 85%.
Once the particle identification is performed, we reevaluate the time differences δ t (m), this time using for each track the mass assignment known from the cut on dδ t,eπ and subtracting the T 0 of the event. For the T 0 determination the bunch crossing producing the event is evaluated as the integer part of the ratio (δ t (e) + δ t (π))/2T bunch . We apply another TOF cut by selecting the events within the circle in the δ t (e)-δ t (π) plane, as shown in Fig. 2 for MC events. This cut improves the background rejection by a factor of five, while eliminating 8% of the signal events at this analysis stage.
A powerful discriminating variable is the difference between missing energy and momentum, ∆E πe = E miss − p miss , which is evaluated from the decay product momenta and the K S momentum known from the K L -crash tag. For πeν decays, E miss and p miss are the neutrino energy and momentum, and are equal. The distribution of ∆E πe is shown in Fig. 3 after TOF cuts are imposed for π − e + ν (left panel) and for π + e −ν (right panel) candidate events. A clear peak around zero is evident and corresponds to a clean signal for K S → πeν.
The residual background is dominated by K S → π + π − (γ) decays. Events with ∆E πe > 10 MeV are mostly due to cases in which one pion decays to a muon before entering the tracking volume ("πµ" events), in which the track identified as electron by TOF is badly reconstructed ("π bad π" events), or in which the radiated photon has an energy in the K S frame above 7 MeV, thus shifting M ππ below 490 MeVand E miss toward positive values ("ππγ" events). Events with ∆E πe < −10 MeV are mostly due to "πµ" or "π bad π" events, or to cases in which the track identified as the pion by TOF is badly reconstructed ("ππ bad " events).
We discriminate between signal and residual background events by means of 5 kinematic variables: ∆E πe itself; the difference d PCA between the impact parameters of the two tracks with the IP; the difference ∆E ππ in the π-π hypothesis; the squared mass M 2 trk (e) of track 1(2) when it is identified as electron from TOF, calculated assuming that p S − p 2(1) is the momentum of an undetected pion and that (p S − p 1 − p 2 ) 2 = 0; the energy E * π(e) of the track identified as a π (e) from TOF, calculated in the K S rest frame using the pion mass hypothesis.
Except for "ππγ" events, all of the background categories are characterized by poor vertex reconstruction quality, leading to a broad distribution of d PCA as shown in Fig. 4 . In contrast, signal and "ππγ" events are peaked around zero. We discriminate "πµ" events by the M 2 trk (e) variable, which peaks around m 2 µ , and "ππγ" events by the ∆E ππ variable, which peaks around zero. Finally, well reconstructed pion tracks from K S → π + π − decays are identified by the value of E * , which peaks around m K /2, allowing us to recognize π bad π or ππ bad events.
The number of events due to signal and to each of the background categories are evaluated through a global binned-likelihood fit using these variables. Each event is assigned to one of 5 regions in the ∆E πe -d PCA plane illustrated in Fig. 5 . For each region, we use for the fit one of the variables defined above. The choice of the regions and the assignment of the fit variables to each region ensure good separation between each component in turn and all the others. In each region, the data are fit with the sum of the MC distributions in the appropriate variable for signal events and for events from each background source. The free parameters are the signal and background normalizations. For each source, the same normalization parameter is used in all fit regions.
The result of the fit is shown as the solid line in the distributions of Figs. 3 and 4. The MC simulations of K S → πeν and K S → π + π − decays include photon radiation in the final state [15] . If the effect of radiation is not taken into account, the result for the branching ratio decreases by few percent.
We perform two independent fits, one for each charge state. The estimated numbers of signal events are shown in Tab. 1. The quoted statistical errors include the contributions from fluctuations in the signal statistics, from the background subtraction, and from the finite MC statistics [16] . The systematic errors include the contribution from uncertainty in the shape of signal distributions. A detailed description of the fit procedure is given in Ref. 9.
Efficiency estimates
For both K S → π + π − (normalization) and K S → πeν (signal) events, we estimate the corrections for the geometrical acceptance and tagging and selection inefficiencies with the MC simulation, while we use data to evaluate the corrections for tracking and trigger inefficiencies. For K S → πeν events, we evaluate the corrections to the MC efficiencies for vertex reconstruction and π-e TOF identification using a data control sample of K L → πeν prompt decays. The methods used to obtain the efficiency estimates are described in detail in Refs. 9 and 17.
For K S → πeν decays, the efficiencies are determined separately for each charge state. We summarize the results for the overall efficiencies, given the tag requirement, in Tab. 2. The difference between the efficiencies for the two charge states arises from the different response of the calorimeter to π + and π − , influencing both the trigger and the TOF efficiencies.
In principle, the K L -crash identification efficiency cancels out in the ratio of the number of selected K S → πeν and K S → π + π − events. In practice, since the event T 0 is obtained from the K S and the K L is recognized by its time of flight, there is a small dependence of the K L -crash identification efficiency on the K S decay mode. A correction for this effect is obtained by studying the accuracy of the T 0 determination in each case [9, 17, 18] . The ratio R tag of the tagging efficiencies for K S → πeν and K S → π + π − is found to differ from unity by ∼ 1%. This effect is included in the efficiency corrections shown in Tab. 2.
Results
For each charge state and for the data set for each year, we obtain the ratio of BR's by normalizing the number of signal events to the number of K S → π + π − events and correcting for the overall selection efficiencies:
The results for the BR's from the data sets for each year are compatible with probabilities greater than 50%. Averaging the results obtained for each data set, we obtain the following results:
We obtain the value of the ratio BR(K S → πeν)/BR(K S → π + π − ) by taking into account the correlation between the values measured for the two charge modes. The correlation arises from uncertainty on the shapes of the signal distributions in the fit variables, which is common to both charges; the correlation parameter is 0.13.
The charge asymmetry of Eq. (1) is given by:
Again combining results for all data, we obtain:
A S = (1.5 ± 9.6 stat ± 2.9 syst ) × 10 −3 .
In order to perform a stability test, we divided the entire data set into 17 samples and performed the analysis individually for each sample. Values of χ 2 corresponding to probabilities above 50% are observed for all of the measured quantities [9] .
The various contributions to the total fractional error on BR(K S → πeν) and to the total error on A S are listed in Tabs. 3 and 4. For the measurement of the BR, the uncertainty on the signal count from fit systematics is the dominant contribution to the total systematic error.
For the purposes of measuring the dependence of the form factor f + (t)/f + (0) on the 4-momentum transfer squared t = (P K − P π ) 2 , the elimination of background from the sample while preserving statistics is a more important consideration than the understanding of the selection efficiencies at the level required in the branching-ratio analysis. We therefore use slightly different selection criteria to isolate a clean sample of K S → πeν events: we require |∆E πe | < 10 MeV and cut on the quality of the K S vertex. In order to limit loss of statistics, we loosen the energy requirement on the K L crash to 125 MeV. We select about 15 000 signal events, combining the data for the two years and charge modes. Table 3 Contributions to the fractional error on BR(
Error ( Table 4 Contributions to the absolute error on A S .
With this selection, the fraction of background events is reduced to 0.7%. The statistics available do not allow us to fit the quadratic form-factor slope; we measure the slope parameter of the form factor in the linear approximation,
, by fitting the ratio of data and MC distributions in t/m 2 π+ with the function:
where A and λ + are the free parameters of the fit, and λ +,M C = 0.03 is the value of the slope used in the MC generation. We don't take into account t-resolution effects, which are negligible with respect to the statistical error.
We obtain for the linear slope of the semileptonic K S form factor:
with χ 2 /dof = 12.9/11, corresponding to a probability P (χ 2 ) ≃ 30%. This result is in agreement with the corresponding value for the linear slope of the semileptonic K L form-factor, (27.86 ± 0.31) × 10 −3 [13] .
6 Interpretation of the results
Determination of absolute BR's
In order to evaluate the BR's for the semileptonic modes, we combine the ratios of BR's measured for each charge [Eq. (6)] with the ratio
which is measured at KLOE as presented in an accompanying paper [14] . The only remaining mode with a BR large enough to measurably affect the constraint f BR(K S → f ) = 1 is K µ3 ; the BR's for all other channels sum up to ∼ 10 −5 . We take the K µ3 BR into account by exploiting the universality of lepton couplings: (19) . We evaluate the four main BR's of the K S from:
where R e+ and R e− are the ratios in Eq. (6) for K S → π − e + ν and K S → π + e −ν , respectively. We obtain the following results:
The correlation matrix is: 
The contribution from the error on r µe is included in the systematic errors. Taking the correlation matrix into account, for the total semileptonic BR we have:
Test of the ∆S = ∆Q rule
From the total BR we test the validity of the ∆S = ∆Q rule in CP Tconserving transitions [Eq. (4)]. We use the following values for the K S and K L lifetimes: τ S = 0.08958(6) ns from the PDG [13] and τ L = 50.84(23) ns from recent measurements from KLOE [21, 22] . For the BR for K L → πeν, we use the value from KLOE, BR(K L → πeν) = 0.4007(17) [21] . The value of Re x + is:
The error on this value represents an improvement by almost a factor of two with respect to the most precise previous measurement, that from the CPLEAR experiment [5] .
Test of the CP T symmetry
From the sum and difference of the K L and K S charge asymmetries one can test for possible violations of the CP T symmetry, either in the decay amplitudes or in the mass matrix [Eqs. (2) and (3)]. Using A L = (3.34 ± 0.07) × −3 [13] , we obtain from Eq. (2) Re x − + Re δ = (−0.5 ± 2.5) × 10 −3 .
Current knowledge of the two parameters is dominated by results from CPLEAR [3] : the error on Re δ is 3 × 10 −4 and that on Re x − is 10 −2 . Using Re δ = (3.0 ± 3.3 stat ± 0.3 syst ) × 10 −4 from CPLEAR, we obtain:
Re x − = (−0.8 ± 2.5) × 10 −3 ,
thus improving on the error of Re x − by a factor of ten.
From Eq. (3) we obtain
Re ǫ − Re y = (1.2 ± 2.5) × 10 −3 .
We calculate Re ǫ using values from Ref. 
which has precision comparable to that (3×10 −3 ) obtained from the unitarity relation by CPLEAR [4] .
Determination of V us
The value of V us can be extracted from the measurement of BR(K S → πeν) and from the K S lifetime, τ S :
where f
is the vector form factor at zero momentum transfer and I K (λ + , 0) is the result of the phase space integration after factoring out f K 0 π − + ; both quantities are evaluated in absence of radiative corrections. The radiative corrections [20, 23] for the form factor and the phase-space integral are included by the parameter δ K em = (0.55±0.10)×10 −2 [23] . The short-distance electroweak corrections are included in the parameter S ew = 1.0232 [24] . which has been recently shown [25, 26] to be in better agreement with the data than the linear parametrization. We use the values λ ′ + = 0.0221 ± 0.0011 and λ ′′ + = 0.0023 ± 0.0004, obtained from a combined fit to K e3 and K µ3 results from KTeV [25] and ISTRA+ [26] . With this parametrization, the integration over phase space yields I K (λ + , 0) = 0.1024 ± 0.0002.
We obtain: f Using V ud = 0.9738 ± 0.0003 from Ref. 29 and including the small contribution of V ub [13] , we obtain ∆ = (1.1 ± 1.2) × 10 −3 , which is compatible with zero.
